Excitation energies, oscillator strengths, and vacuum-ultraviolet/deep-ultraviolet absorption spectra were calculated for nerve agents, such as sarin, soman, VX, tabun, mustard gas, and analogs. We used time-dependent density functional theory (TD-DFT) methods that included B3LYP combined with basis sets of cc-pVDZ and cc-pVTZ, and ωB97XD with cc-pVTZ. The vertical ionization energies were also calculated for these compounds, in order to collect additional information relative to the optimal pathways for multiphoton ionization in mass spectrometry.
Introduction
Organophosphorus nerve agents are lethal chemical warfare (CW) agents, which were developed before World War II. [1] [2] [3] The Chemical Weapons Convention (CWC), which was organized and came into force in 1997, listed Schedule 1 compounds, including sarin, soman, VX, tabun, mustard gas, etc. to pose the greatest risks as nerve gases. Nerve agents such as sarin, VX, and soman act rapidly in the human body and are easily decomposed to phosphonic acid derivatives, such as isopropyl methylphosphonic acid (IMPA), ethyl methylphosphonic acid (EMPA), and pinacolyl methylphosphonic acid (PMPA). 4 These alkyl methylphosphonic acids (alkyl MPAs) are sufficiently stable to permit their use as markers of nerve agents. Alkyl MPAs are ultimately hydrolyzed to methylphosphonic acid (MPA). The molecular structures and the metabolic pathways of the calculated compounds are shown in Fig. 1 .
To confirm that a nerve agent has been used, it is necessary to detect decomposition products, such as alkyl MPAs and MPA. To date, many decomposition products have been used as biomarkers to confirm the use of nerve agents such as sarin, soman, VX, and tabun. A sensitive and selective analytical methodology, which is based on mass spectrometry (MS) combined with gas chromatography (GC) or liquid chromatography (LC), has been developed and is currently used for the analysis of these biomarkers. 5, 6 Using a combination of negative ion chemical ionization (NICI) and GC-MS-MS, a limit of detection (LOD) at sub-ng levels was achieved for urine samples. [7] [8] [9] A mass spectrometer using an atmospheric solid probe provided LODs of 1.0 ng/mL for alkyl MPAs that are formed via the hydrolysis of sarin, soman, cyclosarin, and V-agents. 10 The LODs obtained using LC-MS-MS were comparable to those obtained using GC-NICI-MS-MS. 11, 12 A technique of matrix-assisted laser desorption ionization/mass spectrometry (MALDI) has been utilized for rapid screening of nerve agent degradation products. 13 A technique involving GC combined with resonance-enhanced multiphoton ionization/time-of-flight mass spectrometry (GC/ REMPI/TOF-MS) has been developed and utilized for the trace analysis of a variety of toxic compounds, including polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans (PCDD/Fs), [14] [15] [16] [17] [18] [19] [20] polybrominated diphenyl ethers, 21 and pesticides, 22 due to its superior sensitivity and selectivity. However, as can be easily recognized from the chemical structures of the above compounds, the absorption band for a nerve agent is not located in the ultraviolet (UV) region, but appears mainly in the vacuum-ultraviolet (VUV) region. It should be noted that, if a large amount of nerve agent were used for the measurement of an absorption spectrum, this would be dangerous for a researcher, and should be avoided so as to reduce the risks associated with the handling of such compounds. The experimental conditions for MPI should then be optimized before measuring such a sample. In this technique, it is suggested using a first photon to excite the analyte molecule for resonance excitation, at which the wavelength of the laser is recommended in order to fit the data to the absorption band. However, the sum of the two-photon energy should exceed the ionization energy (IE). In previous studies, adiabatic (not vertical) IE values were predicted for several nerve gases by Midey et al. 23 A nerve agent is not an aromatic hydrocarbon, and contains no π-electrons, except for a P=O bond. Because of this, such a compound would likely show an absorption band in the VUV region.
In this study, we calculated the VUV-UV spectra for five nerve agents and ten related analogs, including their metabolites and their synthetic by-products. For efficient multiphoton ionization, appropriate VUV and UV laser sources are required. A UV and even a VUV laser can be generated through a nonlinear optical process.
For example, numerous emission lines were simultaneously generated in the spectral region extending from the VUV to the NIR regions, based on the four-wave Raman mixing (FWRM) of molecular hydrogen. 21 This technique results in the production of an ultrashort optical pulse in an integral multiple of ω = 4155 cm -1 , although the pulse energy decreases at shorter wavelengths. In this paper, we report on the optimal use of laser wavelengths generated by FWRM, e.g., 15ω (160 nm), 14ω (172 nm), 13ω (185 nm), 12ω (201 nm), 11ω (219 nm), 10ω (241 nm), 9ω (267 nm), 8ω (301 nm), 7ω (344 nm), 6ω (401 nm), 5ω (481 nm), 4ω (602 nm), for use in one-photon ionization, nonresonant two-photon ionization, resonant two-photon ionization, and resonant two-color twophoton ionization (Fig. 2) .
Computational Methods
All quantum computations were performed with the Gaussian 09 program series package. 24 The ground-state geometries of 15 compounds were fully optimized by the density functional theory (DFT) method combined with B3LYP 25, 26 with the ccpVDZ basis set. 27 The energy of the ground state and the ion Fig. 1 Chemical structure of the compounds for which calculation were made. Nerve agents are sarin, soman, VX, tabun, and mustard gas. 30 to generate the predicted absorption spectra using the Gauss View 5 software program. 31 The vertical (not adiabatic) IE value was also calculated.
Results and Discussion

Sarin, DIMP, IMPA, and MPA
Sarin readily decomposes to produce IMPA, which is then further hydrolyzed to MPA (Fig. 1) . DIMP is one of the byproducts produced in the synthesis of sarin. When a sample of urine was collected from victims, not only sarin, itself, but also a by-product of DIMP was detected. 32 Thus, the calculations in this study involved four related compounds, i.e., sarin, DIMP, IMPA, and MPA. The IEs of sarin were 81539, 83242, and 85194 cm -1 , corresponding to 123, 120, and 117 nm, and the energies for the first electronic excited states (EE) were 63271, 61950, and 67723 cm -1 , corresponding to 158, 161, 148 nm for B3LYP/cc-pVDZ, B3LYP/cc-pVTZ, and ωB97XD/cc-pVTZ, respectively ( Table 1 , Fig. 3 , Figs. S1 and S4, Supporting Information). Thus, one-photon ionization would be difficult to be achieved, since the IE would be higher than the energy of a laser emitting at 160 nm. One half of the IE in the case of B3LYP/cc-pVDZ, i.e., 245 nm, is larger than the energy of a photon emitting at 267 nm but smaller than the energy corresponding to 201, 219, 241 nm. The pulse energy of the laser decreases at shorter wavelengths, which suggests that a laser emitting at 241 nm would be needed. Since one half of the IE of B3LYP/cc-pVTZ, 240 nm, is nearly identical to the twophoton energy of a laser emitting at 241 nm, this conclusion remains unchanged. In the case of ωB97XD/cc-pVTZ, twophoton ionization would be achieved by using a laser emitting at 219 nm. Unfortunately, the one-photon energy is insufficient for excitation to the first excited state. This suggests that nonresonant two-photon ionization would be needed. The oscillator strength is large in the vicinity of 120 nm for B3LYP, which is nearly identical to the IE. Thus, this molecule would be excited using two photons and auto-ionized from the Rydberg states by an electric potential applied to the electrodes in the mass spectrometer. This approach suggests that efficient twophoton ionization can be achieved using a laser emitting at 241 nm. The results for ωB97XD suggest a similar possibility using a laser emitting at 219 nm. On the other hand, the EE calculated using B3LYP/cc-pVTZ is smaller than the energy of a laser emitting at 160 nm, indicating that resonant two-photon ionization would be possible. However, a large excess energy would increase the fragmentation, thus making identification of a molecular ion difficult in mass spectrometry. Resonant twocolor two-photon ionization would be achieved using lasers emitting at 160 and 481 nm. However, the efficiency of ionization would not be as high as that of nonresonant twophoton ionization, since the intensity of the laser emitting at 160 nm is low.
The IE and EE for DIMP were slightly lower than those of sarin. Similar to sarin, one-photon ionization cannot occur, since the IE is much higher than the energy of a laser emitting at 160 nm. From the value of IE, a laser emitting at 241 nm could be used to achieve nonresonant two-photon ionization. The oscillator strength is large in the vicinity of the wavelength corresponding to the IE: the IE obtained using B3LYP/cc-pVTZ was slightly larger than the energy at the absorption maximum, although values obtained using other methods were slightly smaller. The result obtained using ωB97XD also suggests that efficient nonresonant two-photon ionization would occur due to a large absorption maximum at around 120 nm. Resonant twophoton ionization would be possible, since the EE calculated at B3LYP/cc-pVDZ and cc-pVTZ is smaller than the energy of a laser emitting at 160 nm. However, the excess energy is extremely large, which would result in an increase in fragmentation. Resonant two-color two-photon ionization using lasers emitting at 160 and 602 nm would be preferential. However, the efficiency of ionization would be minimal due to the fact that the intensity of a laser emitting at 160 nm is low.
For IMPA, the IE was slightly higher and the EE was slightly lower than the values for DIMP (Table 1, Fig. 3, Figs. S1 and S4, Supporting Information). The laser emitting at 241 nm could be used for nonresonant two-photon ionization. Because of the excess energy approached zero, a molecular ion would be produced as one of the major ions. Resonant two-color twophoton ionization using lasers emitting at 160 and 481 nm could be employed, since the EE at B3LYP/cc-pVDZ and cc-pVTZ were lower than the energy of a laser emitting at 160 nm.
The MPA had the highest IE (114 -118 nm) and the lowest EE (153 -171 nm). A laser emitting at 219 nm could be utilized for nonresonant two-photon ionization. The excess energy was nearly zero, which would result in the efficient production of a molecular ion. Resonant two-color two-photon ionization could be achieved using lasers emitting at 160 and 401 nm, since the EE at B3LYP/cc-pVDZ and cc-pVTZ were lower than the energy of a laser emitting at 160 nm.
Accordingly, sarin and related compounds would be efficiently ionized through a nonresonant two-photon ionization process using an ultrashort high-energy laser pulse in the DUV region. The difference between the IE and two-photon energy was minimal (Δλ ≤ 10 nm), thus decreasing the excess energy and increasing the likelihood of producing a molecular ion. Resonant two-photon ionization could be achieved, although the ionization efficiency would be small, due to the low pulse energy of a laser emitting at 160 nm.
Soman and PMPA
Soman is hydrolyzed to PMPA in the human body, and is then further hydrolyzed to MPA, the final product of soman. The IE of soman corresponded to a wavelength of 126 nm (cc-pVDZ) or 123 nm (cc-pVTZ), and the EE corresponded to that of 159 nm (cc-pVDZ) or 162 nm (cc-pVTZ) in the case of B3LYP method ( Table 1, Fig. 4, Figs. S1 and S4, Supporting Information). Thus, a laser emitting at 241 nm could be utilized for nonresonant two-photon ionization. The IE calculated using ωB97XD corresponded to a wavelength of 120 nm, which was nearly identical to the two-photon energy of a laser emitting at 241 nm. Accordingly, the conclusion would remain unchanged. A few strong lines were found to be present at around 160 nm in the VUV spectrum, based on the results of B3LYP/cc-pVDZ and B3LYP/cc-pVTZ. As a result, a laser emitting at 160 nm could be used for resonance excitation and a visible photon emitting at 481 nm for subsequent ionization. The wavelength for resonance excitation was calculated to be 147 nm for ωB97XD. Thus, the feasibility of this approach should be carefully checked experimentally.
For PMPA, similar to soman, nonresonant two-photon ionization would occur efficiently using a laser emitting at 241 nm. When a laser emitting at 160 nm (cc-pVDZ) or 172 nm (cc-pVTZ) was employed as the first photon for excitation in the B3LYP method, a laser emitting at 602 nm (cc-pVDZ) or 481 nm (cc-pVTZ) could be used as the second photon for ionization.
Accordingly, the situation is very similar to the cases for sarin and its analogs. In fact, nonresonant two-photon ionization would be a preferential pathway for the ionization of soman and its metabolites, although resonance two-color two-photon ionization represents an alternative method.
VX and EMPA
VX nerve gas is a highly toxic compound, and it is hydrolyzed to EMPA, which is then hydrolyzed to MPA. From quantum chemical calculations, the IE for VX was found to be relatively low, i.e., 165 -169 nm (Table 1, Fig. 4, Figs. S2 and S5 , Supporting Information). Since there are many strong absorption lines in the vicinity of this wavelength, one-photon ionization would be a possible pathway using a laser emitting at 160 nm. A laser emitting at 301 nm would be useful for nonresonant two-photon ionization. From the results of B3LYP/cc-pVDZ and cc-pVTZ, resonant two-color two-photon ionization using the first photon at 241 nm and the second photon at 481 nm would be useful for efficient ionization, thus requiring a simple analytical system due to the fact that UV and VIS photons are involved. However, the EE derived using ωB97XD was 0.5 -0.7 eV higher than the corresponding values obtained using B3LYP, suggesting that a pair of lasers emitting at 219 and 602 nm would be useful for resonant two-color two-photon ionization.
For EMPA, the results of B3LYP or ωB97XD suggest that nonresonant two-photon ionization with a laser emitting at 241 or 219 nm is a possibility. From the result obtained with B3LYP/cc-pVDZ and cc-pVTZ, resonant two-color two-photon ionization can be achieved when lasers emitting at 160 and 481 nm are used for excitation and subsequent ionization, respectively.
The amide group in a molecule, i.e., the presence of a lonepair of electrons, apparently decreased the IE and EE for VX (but not for EMPA), allowing more efficient ionization using an intense laser emitting at longer wavelengths. In fact, even a single-photon ionization would be possible. A DUV laser would be useful for excitation and a stronger near-ultraviolet (NUV) laser for ionization.
Tabun, EDMPA, EPC, and PA
Tabun is an organic phosphoric acid-based nerve agent and is hydrolyzed to EDMPA or EPC and ultimately to PA. The absorption maximum calculated for tabun was located at a wavelength ca. 10 nm longer than that of the IEs obtained using the present methods (Table 1, Fig. 5, Figs. S2 and S5 , Supporting Information). Thus, one-color two-photon ionization would be useful due to a small excess energy that is produced. Since one half of the IE obtained using B3LYP/cc-pVDZ corresponded to 267 nm, the third harmonic emission (267 nm) would be a choice for nonresonant two-photon ionization because of the large pulse energy of the laser and the small excess energy required to produce a molecular ion. In the case of ωB97XD, one half of the IE was calculated to be 260 nm, a wavelength that is slightly shorter than 267 nm. As a result, a laser emitting at 241 nm, which would slightly increase the excess energy, would be needed. Resonant two-color two-photon ionization would be achieved using lasers emitting at 201 and 344 nm (B3LYP) or 185 and 401 nm (ωB97XD).
For EDMPA, the IE was lower and the EE was higher than the corresponding values for tabun. This compound can be efficiently ionized via a nonresonant two-photon process using the third harmonic emission (267 nm), since one half of IE is calculated to be 274 -282 nm. Resonant two-color two-photon ionization would occur when lasers emitting at 185 and 481 nm (B3LYP) or lasers emitting at 160 and 802 nm (ωB97XD) were used. Unfortunately, efficient ionization cannot be expected, since the oscillator strengths are considerably low near the value of EE.
The IE and EE values for EPC were higher than those for tabun (Table 1, Fig. 5, Figs . S2 and S5, Supporting Information). As a result, nonresonant two-photon ionization can be achieved using a laser emitting at 219 nm. Resonant two-color twophoton ionization would be possible when lasers emitting at 172 and 301 nm (B3LYP/cc-pVDZ and ωB97XD/cc-pVTZ) or at 185 and 267 nm (B3LYP/cc-pVTZ) were used, although the ionization efficiency would not be sufficiently high like EDMPA. Similar to tabun, the presence of a CN group would decrease the EE. This effect would, however, be minimal due to the fact that the molecule lacks an amide group.
Since one half of the value of IE for PA was close to the twophoton energy of a laser emitting at 219 nm, this compound would be ionized through a process of nonresonant two-photon ionization. Although the EE value calculated using ωB97XD (156 nm) was relatively higher than the corresponding values obtained using B3LYP/cc-pVDZ (173 nm) and cc-pVTZ (175 nm), a photon emitting at 160 nm could be used for excitation and a photon emitting at 344 nm for ionization, i.e., resonant two-color two-photon ionization.
Similar to VX, an amide group in tabun and EDMPA would be responsible for a shift in the EE toward lower energies. In addition, an electron-drawing group of CN in tabun and EPC would contribute to a slight shift in the EE toward lower energies. These effects would allow an intense laser emitting at longer wavelengths to be used.
Mustard gas, CEES, and SBMTE
Mustard gas was the most effectively used chemical warfare agent. CEES, a compound called half mustard gas, is sometimes used as an alternative compound, since mustard gas is too dangerous to be used in the laboratory. 33 SBMTE is a β-lyase metabolite of mustard gas that is excreted into the urine. 34 It would be possible to ionize mustard gas through a nonresonant two-photon process using a laser emitting at 267 nm with a minimal excess energy, thus permitting the formation of a molecular ion due to its IE value of 137 -139 nm (Table 1, Fig. 6, Figs. S3 and S6, Supporting Information) . Unfortunately, the wavelength for EE (232 -241 nm) would be slightly shorter than the wavelength of the laser at 241 nm and, as a result, resonant two-photon ionization should be carefully investigated in experiments. Alternatively, a laser emitting at 219 nm would be useful for the present purpose. However, the oscillator strength is nearly zero at this wavelength.
The IE and EE values were slightly lower for CEES than for mustard gas. Thus, nonresonant two-photon ionization using a laser emitting at 267 nm would be possible for compounds like mustard gas. Resonant two-color two-photon ionization using a laser emitting at 219 and 401 nm would be inefficient, since the oscillator strength is nearly zero at 219 nm.
For SBMTE, one half of the IE was decreased by 0.4 eV (B3LYP), and 0.1 eV (ωB97XD), and the EE became slightly higher than the corresponding values for mustard gas. These results suggest that nonresonant two-photon ionization using a laser emitting at 301 nm (B3LYP) or 267 nm (ωB97XD) could be used to advantage. When a laser emitting at 219 nm was employed as the first photon for excitation, a laser emitting at 481 nm (B3LYP) or 344 nm (ωB97XD) would be the laser of choice for subsequent ionization. However, the efficiency would be low due to the nearly-zero oscillator strength at this wavelength.
Accordingly, the results herein suggest that a nonresonant two-photon process could be used for the efficient ionization of mustard gas, SBMTE, and CEES using a DUV or NUV laser with a large pulse energy.
Conclusions
Spectroscopic properties were calculated for nerve agents, such as sarin, soman, VX, tabun, and mustard gas as well as, their analogs for analysis based on multiphoton ionization mass spectrometry. The results indicate that sarin and MPA would be ionized at 219 nm (sarin, 241 nm with B3LYP method) and DIMP and IMPA at 241 nm through a nonresonant two-photon process. The excess energies were rather small, which permit the formation of molecular ions as one of the major ions in the mass spectra. Similar results were obtained for soman and PMPA, providing small excess energies in nonresonant twophoton ionization. The results for B3LYP suggest that an alternative method would involve resonant two-color twophoton ionization, in which the first photon emitting at 160 nm could be used for excitation and the second photon emitting at 481 nm for the subsequent ionization for soman. For PMPA, the first photon emitting at 160 nm (cc-pVDZ) or 172 nm (ccpVTZ) could be used for excitation and the second photon emitting at 602 nm (cc-pVDZ) or 481 nm (cc-pVTZ) for subsequent ionization in the B3LYP method. On the other hand, VX would be ionized at 160 nm through a one-photon ionization process or at 301 nm through a nonresonant two-photon ionization process. Another possibility would be the use of resonant two-color two-photon ionization. The results for B3LYP and ωB97XD suggest that combinations of 241/481 nm and 219/602 nm would be advantageous for excitation/ ionization. Similar to VX, EMPA could be measured based on nonresonant two-photon ionization at 241 nm (B3LYP) or 219 nm (ωB97XD) and resonant two-color two-photon ionization at 160/481 nm (B3LYP). Tabun and EDMPA would be preferentially ionized at 267 nm and EPC and PA at 219 nm through a nonresonant two-photon ionization process. Similarly, mustard gas and CEES would be ionized at 267 nm. On the other hand, SBMTE would be ionized at 301 nm (B3LYP) or 267 nm (ωB97XD). Due to superior selectivity of multiphoton ionization mass spectrometry, it would be possible to apply this technique to the real-time monitoring of nerve agents; such a method has the potential to play an important role in homeland security issue that may arise in the future.
